In an in vitro flow model, unstimulated neutrophils,rolled steadily over a surface coated with platelets, until,hperfusion of the chemotactic peptide formyl-methionyl-leucylphenylalanine (fMLP) caused a dose-dependent (IO-'' t o mol/L) transition from rolling t o stationary attachment in seconds, followed more slowly by neutrophil shape change and spreading on the surface. However, at low concentrations of Ca2+ and Mg2+ (0.1 mmol/L and 0.05 mmol/L, respectively, rather than physiologic 1 mmol/L and 0.5 mmol/L), neutrophils first halted but then started t o roll again and t o detach from the surface over 5 t o 10 minutes. At the low cation concentration, stopping was largely inhibited by antibodies to the neutrophil integrins CD18 or CDllb, but not CDlla. When neutrophils were pretreated with antibodies t o CD1 I b or CD18 in 1 mmol/L Ca2+, 0.5 mmol/L Mg2+, stopping was not prevented but delayed. However, if antibodies were also included with the superfused fMLP, stopping was inhibited, and detachment followed. This indicates that CD1 Ib/CD18 was newly expressed during shape change and mediated the second phase of neutrophil immobilization DHESION BETWEEN neutrophilic granulocytes and platelets has the potential to promote inflammatory and thrombotic processes. Immobilized platelets can supply an adhesive substrate for flowing leukocytes that might attract them to damaged vessel^,"^ whereas aggregates of leukocytes and platelets detected in whole blood could impair microcirculatory perfu~ion.~ Intercellular adhesion may also amplify mutually activating biochemical interaction between neutrophils and platelets: eg, by promoting exchange of metabolites and protecting released factors from plasmaborne inhibitor^.^,^
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In an in vitro flow model, unstimulated neutrophils,rolled steadily over a surface coated with platelets, until,hperfusion of the chemotactic peptide formyl-methionyl-leucylphenylalanine (fMLP) caused a dose-dependent (IO-'' t o mol/L) transition from rolling t o stationary attachment in seconds, followed more slowly by neutrophil shape change and spreading on the surface. However, at low concentrations of Ca2+ and Mg2+ (0.1 mmol/L and 0.05 mmol/L, respectively, rather than physiologic 1 mmol/L and 0.5 mmol/L), neutrophils first halted but then started t o roll again and t o detach from the surface over 5 t o 10 minutes. At the low cation concentration, stopping was largely inhibited by antibodies to the neutrophil integrins CD18 or CDllb, but not CDlla. When neutrophils were pretreated with antibodies t o CD1 I b or CD18 in 1 mmol/L Ca2+, 0.5 mmol/L Mg2+, stopping was not prevented but delayed. However, if antibodies were also included with the superfused fMLP, stopping was inhibited, and detachment followed. This indicates that CD1 Ib/CD18 was newly expressed during shape change and mediated the second phase of neutrophil immobilization DHESION BETWEEN neutrophilic granulocytes and platelets has the potential to promote inflammatory and thrombotic processes. Immobilized platelets can supply an adhesive substrate for flowing leukocytes that might attract them to damaged vessel^,"^ whereas aggregates of leukocytes and platelets detected in whole blood could impair microcirculatory perfu~ion.~ Intercellular adhesion may also amplify mutually activating biochemical interaction between neutrophils and platelets: eg, by promoting exchange of metabolites and protecting released factors from plasmaborne inhibitor^.^, ^ We have previously reported that flowing neutrophils, lymphocytes, and monocytes form rolling attachments to immobilized platelets via platelet-borne P-selectin.1,239 0th-ers have reported that flowing neutrophils became immobilized and morphologically activated after a period of attachment to a platelet monlayer,' raising the possibility of activation-dependent adhesion strengthening after initial tethering via P-selectin. We did not observe spontaneous conversion from rolling to stationary attachment for neutrophils rolling on platelets, but did find a shift toward stationary attachment if neutrophils were preactivated with the and spreading in a cation-dependent manner. Prestimulated neutrophils also bound t o platelets and spread, but immobilization was blocked if they were perfused with antibody t o CD18 or C D l l b or with low Ca2+ and Mg". Examining the cation-dependence further, it was evident that the presence of Mg'+ was essential for integrin-mediated adhesion and that the Mg2+ concentration determined whether immobilization could be maintained or was transient. Continuous superfusion of fMLP was also essential for maintenance of stable adhesion and spreading. Thus, activation of constitutive CDllblCD18 rapidly and reversibly converted rolling t o stationary attachment, whereas maintenance of adhesion and neutrophil spreading required continual expression of additional CDllb/CD18 that was only functional at physiologic Mg'+. Continual activation and deactivation of CDllb/ CD18 during de novo expression could mediate immobilization and onward migration of neutrophils in vivo, and activated platelets appear capable of supporting this process as well as endothelial cells. 0 1996 by The American Society of Hematology.
chemotactic peptide N-formyl-methionyl-phenyl-alanine (fMLP) before being flowed over platelets.' It is thus possible that neutrophil attachment to immobilized platelets follows a stepwise process analogous to that for flowing neutrophils binding to endothelial cells, in which initial selectin-mediated rolling is converted to stationary, integrinmediated attachment after delivery of an activating signal to the leukocytes."." It has recently been shown that platelets constitutively express intracellular adhesion molecule-2 (ICAM-2), which is capable of binding lymphocytes via activated P,-integrin CD1 la/CD1K4 In addition, fibrinogen binds to activated platelets via the integrin receptor glycoprotein (GP) IIbIIIa (CD41/61) and CO neutrophils via their activated P,-integrin CD1 lb/CD18I2 and has been shown to promote platelet attachment to neutrophils in suspension." There is thus further reason to believe that platelets might support integrin-mediated adhesion of activated neutrophils.
In the case of neutrophil adhesion to endothelium, conversion from rolling to immobilization is believed to arise from a rapid upregulation of the avidity of P,-integrins CD1 1 a/ CD1 8 and CD1 lb/CD18 for their endothelial Ig receptors ICAM-I and ICAM-2, which is followed by a more gradual increase in surface expression of CD1 lb/CD18.'".11.14 After immobilization, neutrophil migration over the endothelium remains dependent on integrin-Ig interaction involving both CD1 la/CD18 and CDllb/CDl8.'' However, the kinetics of these events has not been fully defined, and it remains unclear how integrin avidity is initially increased and then modulated to allow immobilization followed by migration. The role of de novo integrin expression is also not certain, because it does not appear essential for increased adhesiveness of activated ne~trophils.'~.'' Interestingly, Hughes et allx found that increased avidity of CD1 lb/CD18 reversed over minutes unless increasing stimulus was applied, which appeared necessary to activate the newly expressed CD1 lb/ CD18 and to support migration on a protein substrate.
We therefore considered whether our model of neutrophils rolling on a monolayer of plateletslS2 could be adapted to study the sequence and kinetics of adhesive events after neutrophil activation. This might have general relevance to understanding integrin-mediated adhesion as well as specific application to pathophysiology of thrombotic disorders. We found that, when neutrophils rolling on immobilized platelets were superfused with fMLP, they became immobilized within seconds via activation of surface CDllblCD18. Subsequently, they used newly exposed CD1 1bKD18 to remain firmly bound and spread on the surface. The two stages were shown by the use of perfusate with low levels of Ca2' and Mg2+, when the second stage could not operate, and by addition of monoclonal antibodies (MoAbs) to CD18 and CD1 lb at different stages of the process. Mg2+ proved to be the essential cation in supporting integrin-mediated adhesion. If superfusion with physiologic Mg2+ or with fMLP was not continuous, then adhesion and spreading was not maintained, indicating gradual downregulation of increased integrin avidity and inability to re-establish rolling. These investigations show that platelets can support all stages of neutrophil immobilization and show a sequence of events in which delivery of stimulus causes avidity of existing and newly appearing CD 1 1 b/CD 18 to increase and then decrease continually, so that rolling neutrophils first immobilize and then are able to migrate onward while remaining stably attached to a surface.
MATERIALS AND METHODS
Isolation of neutrophils. Human venous blood was collected from healthy volunteers into buffered citrate anticoagulant (CPDA, 8:l) into preservative-free sodium heparin (5 U/mL: Leo Laboratories Ltd. Princes Risborough, UK) or into K2-EDTA (1.6 mg/mL; Sarstedt, Nilmbrecht, Germany). A portion of the heparinized blood was centrifuged at 1,500g for 10 minutes, and the plasma was harvested and filtered through a 0.2-pm pore sterile filter. Whole citrated blood was layered over a two-step density gradient of equal volumes of Histopaque-1077 and Histopaque-11 19 (Sigma Chemicals CO Ltd. Poole, UK) and centrifuged at 700g for 25 minutes. The middle neutrophil fraction was harvested and washed twice in 5% autologous heparinized plasma in phosphate-buffered saline (PBS; with or without added calcium or magnesium; ICN Flow Labs, High Wycombe, UK). The neutrophils were counted by Coulter Counter (model ZF; Coulter Electronics, Luton, UK) and resuspended to a concentration of 1 X lo6 cells/mL in the desired medium. All assays were complete within 3 hours of neutrophil isolation, and neutrophils were greater than 95% viable as judged by trypan blue exclusion. Unstimulated neutrophils remained spherical throughout assays (<lo% with distortion in their light-microscopic outline), but more than 95% underwent marked shape change in response to 10" mol/ L fMLP (Sigma Chemical CO).
Suspending medium with low Ca2+ and Mg2+ was 5% autologous heparinized plasma in PBS without added calcium or magnesium (low cation medium). The PBS itself contained 60 p m o m Ca and 30 pmoVL Mg according to atomic absorption spectroscopy; with 5% plasma added, the Ca2+ concentration was approximately 100 pmol/L according to measurement by ion-selective electrode and the Mg" concentration was assumed to be about 50 pmoVL, in accordance with the known normal ratio of Ca2+:Mg2+ in plasma. Physiologic concentrations of free ionized Ca and Mg are approximately 1 .O and 0.5 mmoVL in plasma." To mimic this, neutrophils were suspended in PBS with 1 mmoVL Ca2+, 0.5 mmom Mg", and 5% heparinized plasma added. In our experience, the presence of plasma proteins improves preservation of neutrophil morphology after preparation,'' and 0.5% bovine serum albumin (Sigma Chemical CO) was used instead of 5% plasma in PBS when it was desired to eliminate other plasma proteins from the preparation. In some experiments, PBS with 0.5% albumin was used as medium with basal cation content, to which 1 .O m o V L Ca2+ or 0.5 m o V L Mg2+ was added separately.
Platelet coating of microslides. Microslides are glass capillaries with a rectangular cross-section of 300 pm by 3 mm and a length of 50 mm (Camlab Ltd, Cambridge, UK). They were acid-washed, dried, coated with aminopropyltriethoxysilane (APES; Sigma), and then autoclaved.' One inner surface was coated with an essentially confluent layer of activated, spread platelets as previously described' and shown in Fig 1. Heparinized blood from the same donor as used in neutrophil isolation was centrifuged at 290g for 5 minutes and the platelet-rich plasma (PRP) was collected. Platelets were counted by Coulter Counter and diluted to 2 X lo8 cells/mL with PBS. The platelets were loaded into a microslide and 30 minutes were allowed for the platelets to settle, adhere, and spread onto the lower surface of the microslide.
In some experiments, washed platelets were used to avoid deposition of plasma proteins. EDTA blood from the same donor as was used in neutrophil isolation was centrifuged at 2908 for 5 minutes, and the upper layer of PRP was collected. The platelets were washed twice by dilution with PBS containing 1 mmoVL EDTA and centrifugation at 700g for 5 minutes. The platelet pellet was finally resuspended in RPMI-1640 medium (ICN Flow Labs), counted by Coulter Counter, and diluted to 2 X 10' cells/mL with RPMI-1640 [which contains 0.42 mmol/L Ca(NO&]. Washed platelets were able to spread and attach to the microslides.
Flow-based adhesion assay. The adhesion assay was similar to that described by Buttrum et al,' except that it was enclosed in a chamber maintained at 37°C. The platelet-coated microslide was glued to a glass microscope slide mounted on a microscope stage and viewed by video microscopy. One end of the microslide was attached by silicon rubber tubing to a Harvard syringe pump (Harvard Apparatus, South Natic, MA) that controlled the flow rate through the microslide (Q). The wall shear stress (t) exerted on the platelet surface was calculated from the equation: t = (6Q . v)/ W -h'), in which v is the suspending medium viscosity, W is the microslide internal width, and h is the microslide internal depth. The other end of the microslide was attached by silicon tubing to an electronic valve that allowed smooth switching between the neutrophil suspension and cell-free suspending medium. Typically, a timed bolus of neutrophil suspension was flowed through the microslide and a fixed, measurable time elapsed between switching of the valve and arrival of the cells in the field of view.
Free platelets were washed out of the microslide and neutrophils were perfused over the immobilized platelets at the selected wall shear stress (between 0.05 and 0.2 Pa). Videomicroscopic recordings of neutrophils adherent to the platelets were analyzed off-line using a computerized image analysis system to determine the percentage that were stationary or rolling and the rolling velocity.' For categorization of adhesion, stationary cells were defined as those with velocity less than 0.4 p d s , which represents the minimum velocity resolved by the analysis system for 5-to 10-second observation periods and is also the approximate velocity of adherent neutrophils actively migrating independent of flow?' Adherent cells were easily distinguished from nonadherent cells, because the cells passing through with the bulk flow were only seen as faint streaks on the video playback, moving more than 10 times faster than rolling cells.
At chosen times, the number of adherent neutrophils was counted by direct microscopic observation of a number of complete microscope fields along the center-line of the microslide and expressed as cells adhered per square millimeter per lo6 cells perfused. To investi- gate the effects of activation, fMLP (IO-' to IO-" molL in the same medium as used for neutrophil suspension) was superfused through the flow system after adhesion of unstimulated neutrophils had been established and after a brief washout period with cell-free medium during which the initial adhesion was quantitated. The number adherent was re-evaluated at intervals during fMLP perfusion, and video recordings were made. From these recordings, the percentage rolling was also re-evaluated, and the morphology of the neutrophils was noted. Not only was sequential shape change evident with phase contrast optics (from spherical, to irregular, to grossly distorted with pseudopodia), but it was also possible to distinguish between distorted cells that were phase bright and those that spread on the platelet surface and became phase dark. In some experiments, rather than superfusing fMLP over the adherent unstimulated cells, neutrophils were preactivated by treatment with fMLP for I minute before perfusion over the platelets in the continued presence of fMLP.
Initial experiments showed that the efficiency of adhesion of flowing, unstimulated neutrophils to platelets (number adherent per square millimeter per IO6 perfused) decreased monotonically with increasing wall shear stress (0.05,O. I , 0.15, and 0.2 Pa). The further experiments reported here were all performed at a wall shear stress of 0.1 Pa, which we have found to be sufficient to disallow direct integrin-mediated adhesion by neutrophils without tethering by selectins.".*' At this stress, neither unstimulated neutrophils nor WLPactivated neutrophils could bind to microslides coated with plasma alone (binding < I % of binding to a platelet-coated surface). The velocity of rolling neutrophils averaged between 4 and 5 p d s at 0.1 Pa; therefore, stationary neutrophils moved less than 1/10 as fast as the average rolling cell.
Antibodies and adhesion inhibiting agents. Antibodies against neutrophil integrins were incubated with the neutrophil suspension for 15 minutes at room temperature and remained in the suspending medium during subsequent perfusion at 37°C.
They were then washed out of the flow system before superfusion of fMLP, except in particular experiments in which they were also included in the medium with the fMLP. MoAbs to CD18 were M783 (Dako Ltd. High Wycombe. Slough, UK), R6.5E and R6.5E F(ab')? (gift of Dr M. Robinson, Celltech Ltd, UK). DA36 (MoAb to CDlla) and KIM249 (MoAb to CD1 lb) were also provided by Dr M. Robinson. To treat platelets, coated microslides were washed with 5% autologous plasma in PBS and then filled with the antibody diluted in 5% autologous plasma in PBS. The microslides were incubated at room temperature for 30 minutes before connection to the flow system. Antibodies to P-selectin (adhesion blocking, GI, and nonblocking S12) were gifts of Dr R. McEver (University of Oklahoma, Oklahoma City, OK). MoAb to ICAM-I ( I 5.2) was provided by Dr Nancy Hogg (ICRF, London, UK). MoAbs to ICAM-2 (BTI, BR7. and BS9) were a gift of Carl Gahmberg (University of Helsinki, Helsinki, For personal use only. on September 14, 2017. by guest www.bloodjournal.org From (Royal Free Hospital, London, UK). Antibody to von Willebrand factor was added to PRP before rather than after coating of the microslide to block adhesion of this protein to platelets. This did not inhibit formation of platelet monolayers, but monolayers did not form if PRP was pretreated with antibody to GpIIbIIIa.
The oligopeptide RGDS (ARG-GLY-ASP-SER) was obtained from Sigma Chemical CO Ltd and added to PRP before coating. RGDS and RFGP56 were screened in a platelet aggregation assay, and the concentration that gave optimum (nearly total) inhibition of platelet aggregation was used in subsequent flow adhesion assays. Adhesion blocking antibodies to neutrophils were titrated and used at levels giving optimal inhibition of adhesion (ie, no additional inhibition of adhesion if concentration increased twofold further). Adhesion blocking capability of DA36 (anti-CD1 la) was independently verified by showing its ability to inhibit aggregation of BJAB cells (Epstein-Barr virus-transformed B-cell line) in response to phorbol mystrate ester (20 ng/mL).
The level of expression of CD1 1 b on neutrophils was quantitated by direct immunofluorescence using phycoerythrin-conjugated antibody (R841; Dako Ltd) and a FACScan flow cytometer (model 440; Becton Dickinson Ltd) as de~cribed.'~ Neutrophils were incubated with antibody for 20 minutes and then exposed to 10" m o m fMLP for various periods in the presence of antibody before fixation in 2% formaldehyde. The presence of fibrinogen and of P-selectin on the surface of platelet-coated microslides was investigated by immunofluoresence staining using primary antibody (A080 [Dako Ltd] or S 12, respectively), followed by secondary fluorescein isothiocyanate (F1TC)-conjugated goat-antimouse IgG (PF270; The Binding Site, Birmingham, UK). We also coated glass coverslips in multiwell dishes with platelets using the same treatments as for microslides and used them for surface enzyme-linked immunosorbent assay (ELISA). The platelets were labeled with antibody against fibrinogen conjugated with horseradish peroxidase (P445; Dako Ltd). After labeling, color was developed using 1,2,-phenylenediamine as substrate and optical density was measured in the supernatant from each well, compared with that from identical wells that had been coated with platelet-free plasma rather than PRP.
Statistical analysis. Concurrent effects of time and different treatment group were tested using two-way analysis of variance (ANOVA), followed by one-way ANOVA for effect of time on a single treatment where appropriate. Comparison of individual treatments or conditions at single time points were made by paired t-test or unpaired (Student's) t-test as appropriate, after initial comparison of multiple groups by ANOVA where appropriate. All tests were performed using the computer program Minitab (Minitab Inc, State College, PA).
RESULTS
Characteristics of adhesion of unstimulated neutrophils. When neutrophils were perfused over a platelet monolayer at a wall shear stress of 0.1 Pa, they bound efficiently (average -450/mm2/106 perfused in >50 experiments) and approximately 95% of the adherent cells were rolling rather than stationary. The number of adherent neutrophils was reduced by 80% if the platelet monolayer was pretreated with 20 pg/mL of antibody GI against P-selectin (mean of 3 experiments), but antibody S12 had no consistent effect on adhesion. This effect is less than we previously reported using 50 pg/mL of G1 in an assay at room temperature,' but increasing antibody concentration in the current assay at 37°C tended to induce stationary capture and activation of some neutrophils (presumably via the Fc portion of the antibody). The number of adherent neutrophils was slightly higher (by -15%) for the physiologic medium (-l . O mmoV L Ca", 0.5 mmol/L Mg") compared with the low cation medium (-0. l Ca2+, 0.05 mmol/L Mg2+), but the percentage rolling and the rolling velocities were essentially identical for the two media ( Table 1 ). The addition of EDTA (1 mmol/ L) to the low cation medium totally ablated adhesion. Importantly, in each of the cation-containing media, unstimulated neutrophils continued rolling on the platelet monolayer for up to 20 minutes, without evidence of shape change (see Fig  2 for the percentage of adherent cells rolling during the first 6 minutes after a bolus). After 10 minutes of washout, the number adherent reduced only by 5% to 10% (see, eg, Fig  3) . We also noted that the number of adherent cells and the percentage rolling were not reduced by any of the antibodies against the neutrophil integrins CD18, CDlla, or CDllb (data not shown).
Effect of neutrophil activation during rolling. The effect of neutrophil activation was first investigated in low cation medium (0.1 mmom Ca2+, 0.05 mmol/L Mg2+). When neutrophils rolling on the platelet monolayer were superfused with 10" m o a fMLP, they rapidly came to a halt (Fig 2A) . The time required for immobilization was short. Judging from the time taken for cells initially to arrive during inflow, 20 seconds is required for flow from the inlet valve to the microscopic field of view. Timed video observation of a single field indicated that cell motion decreased within seconds of arrival of fMLP and all cells had stopped rolling within 10 seconds (30 seconds from switching of the inlet valve). Quantitative analysis of video records of the period 30 to 60 seconds after switching the valve showed that maximum immobilization had occurred (-90% stationary). Observing individual cells, it was evident that they stopped rolling before undergoing shape change, which became marked 10 to 20 seconds after stopping. A lower concentration of fMLP ( morn) immobilization of cells, whereas lo-" molL fMLP had only a slight effect on rolling (Fig 2A) .
Very soon after fMLP-induced immobilization, some shape-changed neutrophils began to move again (Fig 2A) , but now the motion was not smooth rolling but an irregular flipping motion and the cells gradually detached from the surface (Fig 3A) . Thus, by 5 minutes after the start of superfusion of lo-' molL fMLP, about 50% had detached, whereas by 10 minutes, only 20% remained; mol/L fMLP also induced detachment, whereas IO-" molL fMLP caused no more detachment than for controls without fMLP (data not shown). The detachment was essentially linear with time, starting within 2 minutes, without an evident lag phase (detailed sequential analysis on two occasions; data not shown).
We next investigated the effect of fMLP in physiologic Ca2' and Mg2+ (1 .O mmol/L and 0.5 mmolh,. respectively; Fig 2B) . At IO" molL fMLP, neutrophils rapidly converted to stationary adhesion before changing shape (time course as before) and only approximately 1% were moving after 1 minute of superfusion with fMLP (see also Table 3 ). However, cells did not recommence rolling (Fig 2B) (Fig 3B) . In addition, a proportion of cells became phase dark and spread on the platelet surface. Spreading started 30 to 60 seconds after cells stopped rolling; within the next 1 minute, 22% had spread, increasing to 30% by 5 minutes (mean of 4 experiments). Superfusion of mol/L fMLP in physiologic medium again induced rapid, efficient stopping. Although there was a tendency for some cells to gradually resume rolling motion (Fig 2B) , there was little detachment (Fig 3B) . Also, at mol/L fMLP, shape change was relatively slow and spreading was hardly evident (data not shown). At a concentration of lo-" mol/L, fMLP perfusion had negligible effect on rolling (Fig 2B) or detachment (data not shown). All subsequent experiments used fMLP at IO" moI/L.
Studying the cation-dependence of immobilization further, we added either 1 mmol/L Ca2+ or 0.5 mmol/L Mg2+ to PBS with albumin rather than plasma added, so that only 60 pmol/ L and 30 pmol/L of the cations were originally present. Figure 4A shows that, on superfusion of fMLP, the basal medium only allowed a small proportion of neutrophils to become stationary for a brief period. The addition of Ca" allowed about 50% to become stationary, but these cells gradually recommenced rolling during superfusion of fMLP. However, the addition of Mg2+ enabled essentially all cells to become and remain stationary in the presence of fMLP. The cells superfused with fMLP in basal medium with or without added Ca2+ gradually detached, but the cells with Mg2+ remained attached (Fig 4B) . For all the media taken together (Figs 2 through 4) , any detachment process closely followed the time course of re-establishment of rolling, in agreement with the visual impression that stationary neutrophils first moved haltingly for a short period and then left the platelet surface.
We also examined whether already immobilized cells would start to move again if the perfusing medium was changed; fMLP was superfused continually over neutrophils, first in physiologic Ca'+ and Mg2+ and then in low cation medium. Neutrophils first stopped rolling and spread, but then became phase bright again, started to roll irregularly, and gradually detached (eg, only 30% remained attached after 5 minutes with 0.1 mmol/L Ca2+ and 0.05 mmol/L Mg2+; mean of 2 experiments). Also, we noticed that, if fMLP was removed from the perfusate after it had originally been superfused, then neutrophils in physiologic Ca" and Mg2+ slowly became less spread and started to roll and detach. Quantitative observations were not made, although the effect evidently was slower and less marked than when the cation concentration was reduced but fMLP remained.
EfSect of neutrophil activation before rolling. Neutrophils were treated with IO" mol/L fMLP before flow into the microslide. The neutrophils were incubated with fMLP for 1 minute and perfused over the platelet monolayer for a further 3 minutes, and the number of adherent cells was counted after 1 minute and 5 minutes washout with cellfree and fMLP-free medium. Prestimulated cells were shapechanged on arrival at the platelet surface. In low cation medium, adhesion of fMLP-treated neutrophils was reduced compared with unstimulated cells and few were rolling during inflow; adhesion continued to decrease markedly during washout (Table 2) . When experiments of identical design were performed with 1 mmol/L Ca" and 0.5 mmol/L Mg'+, the initial level of adhesion for prestimulated cells was comparable to the value for unstimulated control and adhesion was nearly totally stationary ( Table 2 ). Adhesion then decreased slightly during washout (Table 2) , and it was notable that the shape of cells gradually became less distorted and that phase-dark, spread cells gradually became phase bright again. This presumably occurred because fMLP was not present during washout. Neutrophil receptor(s) mediating activation-dependent stopping and spreading. In low cation medium, initial conversion from rolling to stopping after treatment with N L P was significantly inhibited by MoAbs to CD1 8 or CD1 1 ( Fig 5) . Pretreatment of neutrophils with whole antibody to CD18, R6.5E, or its F(ab')* fragment reduced the conversion from rolling to stationary adhesion by more than 80%. A function-blocking antibody to CDlla did not affect the proportion of neutrophils stopping after superfusion of fMLP (Fig 5) . Gradual detachment of neutrophils during fMLP superfusion was not consistently influenced by any of the antibodies against neutrophil integrins (about 50% detachment in 5 minutes; data not shown). showed that there was a significant effect of time on rolling for all treatments ( P < .Ol), that only R6.5E and KIM249 showed time-dependent rolling after arrival of fMLP ( P < .01), and that treatments with R6.5E end KIM249, but not DA36, significantly differed from control ( P < ,011. Antibodies were present during initial perfusion of neutrophils and during subsequent superfusion of fMLP.
superfused with fMLP in the same medium, pretreatment with antibodies against integrins CD18, CDlla, or CDllb did not inhibit them from becoming stationary (always <5% rolling after 1 minute of superfusion with fMLP, with or without antibodies on 3 or more occasions). Spreading was not blocked and gradual detachment was not induced (eg, 86% remained adherent after 5 minutes; average of 8 measurements with anti-CD1 l b or anti-CD18). However, we did notice that stopping was markedly delayed by antibodies to CD18 and occurred after shape change was evident. Thus, stopping typically occurred approximately I minute after fMLP superfusion, when spreading had previously been noted to start without antibody. We hypothesized that initial rapid stopping after fMLP might occur via activation of pre-existing surface CD1 Ib/CD18 (and thus be blocked by pretreatment with antibody), but that the second stage of spreading required movement of new receptor to the cell surface, which followed rearrangement of the actin cytoskeleton and shape change. This second phase could apparently immobilize rolling neutrophils, independent of blocking of the first phase. To test this possibility, we pretreated neutrophils with antibodies to integrins, but also added antibodies to the fMLP superfusate. Under these conditions, stopping was inhibited by antibody to CD18 (R6.5E) and CD1 Ib (KIM249); for anti-CD18, the effect was essentially immediate, but for anti-CD1 lb, some cells first stopped but then started to roll again (Fig 6) . Spreading was ablated and cells gradually detached (29% or 33% remained attached after 5
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From minutes superfusion with fMLP with antibody to CD18 or CD1 lb, respectively; means from 3 experiments). Antibody to CDlla had no effect on adhesion under these circumstances (eg, Fig 6) .
Studies were also made for neutrophils pretreated with fMLP and antibodies in 1 mmol/L Ca2' and 0.5 mmom Mg2+ and then perfused in their presence. Anti-CD18 (R6.5E) effectively reduced initial attachment (to 24% of control without antibody in 3 experiments), and the few adherent neutrophils rolled (90% on average) and gradually detached (42% remaining after 5 minutes). Again, with anti-CD1 lb, there was a delay in effect; cells first attached quite efficiently (66% of control in 3 experiments) and with a mixture of rolling and stationary adhesion (40% rolling during inflow). Nevertheless, the stationary cells gradually started to roll and detachment followed (50% remaining after 5 minutes). Antibody to CDlla had no effect on adhesion (data not shown).
Platelet ligand(s) far neutrophil integrins. We investigated the possibility that fibrinogen bound to the surface of activated platelets was a ligand for integrin-mediated immobilization of neutrophils. Platelet monolayers were formed in the presence of 0.5 m o l 5 RGDS to inhibit fibrinogen binding, and neutrophils were perfused in the presence of the same reagent. In other experiments, platelets were washed to remove plasma proteins before formation of monolayers, and neutrophils were perfused with albumin instead of 5% plasma. Washed-platelet monolayers were also treated with antibody to GpIIbIIIa. We also tested any contribution from von Willebrand factor bound to platelets by adding antibody to this protein to the PRP before coating. None of these treatments inhibited neutrophil immobilization after 1 minute of fMLP superfusion for any of the Ca" and Mg2' levels tested ( Table 3 ). The absolute levels of initial neutrophil adhesion (before fMLP) were also similar for all of the treatments, and spreading on the surface continued to occur for fMLP in 1 mmoK Ca2+, 0.5 mmol/L Mg2+ (data not shown). Plasma proteins, therefore, had little influence on any stage of adhesion. Perhaps surprisingly, when platelet monolayers were labeled for fibrinogen by indirect immunofluorescence and observed by fluorescence microscopy, they showed positive staining that was indistiguishable between monolayers made from PRP or from washed platelets (2 occasions, compared with plasma-coated coverslips). Also, surface ELISA showed a similar level of substrate conversion (increase in absorbance) for enzyme-conjugated antibody against fibrinogen bound to monlayers made from PRP or washed platelets, with negligible conversion for plasma-coated coverslips (data not shown). The source of fibrinogen was presumably intracellular.
We also examined the effects of treatment of platelet monolayers with antibodies against ICAM-l or ICAM-2. Antibody 15.2, which blocks CD1 lalCD18-mediated leukocyte adhesion to ICAM-1," did not inhibit immobilization of neutrophils (10% or 4% rolling 1 minute after fMLP superfusion; mean from 3 experiments in 0.1 mmoK ca", 0.05 mmol/L Mg2+ or 1 mmol/L Ca*+, 0.5 mmoK big2+, respectively) and neither did a series of three different antibodies to ICAM-2 (2 experiments with each in 0.1 mmol/L 
DISCUSSION
The data presented here have implications for the pathophysiology of thrombosis and, more generally, for the mechanisms underlying immobilization and migration of neutrophils via P2-integrin-mediated adhesion. A surface coated with activated platelets was able to tether flowing neutrophils, support continuous rolling, and act as a substrate for efficient immobilization if a chemotactic signal was supplied. Migration was not possible on the substrate used here, but the activated neutrophils spread and had morphology that resembled that observed for neutrophils migrating through an endothelial monolayer in the same apparatus." Studies of the kinetics of immobilization (ie, stable, stationary attachment) showed a two-stage, integrin-mediated process. Activation of pre-existing surface CD1 lblCD18 stopped neutrophil rolling within seconds of the delivery of stimulus. Then a second phase of adhesion, starting within tens of seconds and dependent on newly exposed CD1 lb/ CD1 8, stabilized the attachment over minutes. The two phases were initially made apparent because of their different dependence on divalent cations. At low cation rather than physiologic cation concentration, only the first phase could operate upon delivery of stimulus. Not only was spreading inhibited, but the adherent cells gradually detached over 5 to 10 minutes, showing reversal of the initial integrin activation. Further studies showed that it was Mg2+ that was essential for immobilization, that its concentration determined whether the second phase could act, and that variation in concentration of Ca" had relatively little effect. Cation-dependence of immobilization was not via an effect on the initial selectin-mediated tethering, because the levels of initial adhesion and rolling velocities were similar for the low cation and physiologic media. This agrees with the known Ca-dependence of binding mediated by P-selectin, which is maximal at approximately 100 pmoV L Ca2+.25
The separate phases of immobilization were also demonstrated by antibody blockade. Pretreatment of neutrophils with antibody to CD1 l b or CD18 (ie, blockade of constitutive integrin) inhibited their immobilization when fMLP was superfused in low cation medium, but only delayed immobilization in physiologic Caz+ and Mgz+ (eg, until after shape change was evident). To block immobilization in the physiologic medium, anti-CD18 or anti-CDllb had to be added to the perfusate with the N L P as well as to the initially perfused neutrophils (ie, blockade of constitutive and newly expressed integrin). In the experiments in which antibodies were perfused with fMLP (either after initial rolling or with preactivated neutrophils), the effects of anti-CD18 appeared instantaneous, but there was a delay for anti-CDllb (some cells first stopped and then restarted rolling). Because competition between the antibody and the platelet ligand for binding of newly expressed CD1 1WCD18 is to be expected, it appears that anti-CD18 more quickly liganded its antigen than anti-CD1 l b or more quickly displaced the platelet ligand. Antibody against CD1 Ib eventually successfully competed with the platelet ligand, because neutrophils did not become permanently stationary.
Although it is well known that activation of neutrophils leads to rapid upregulation of adhesion mediated by p2-integrins, the equally well-documented gradual increase in integrin expression in the following minutes has not had a clear functional role until Hughes et all8 showed that, for low levels of stimulus (-m o m fMLP), neutrophil adhesion was promoted by existing surface CD1 lb/ CD18, but that newly exposed CD1 lb/CD18 did not function in adherence and migration on a protein-coated surface until an additional step increase in fMLP was applied. Partial reversal of adhesion in minutes was also shown in the absence of stepwise increase in fMLP,'' but the levels of Ca2' and Mg2+ used were not reported, except to note that chelation of Caz+ (with EGTA) did inhibit migration over the surface. These findings are consistent with the concept of two-phase, integrin-mediated, and cation-dependent adhesion and migration presented here.
Plasma contains about 2 mmoVL Ca and 0.8 mmoVL Mg, with the free ionized concentrations being about 1 mmolfL and 0.5 mmoVL, respe~tively.'~ Here, an approximately 10-fold lower concentration allowed initial rolling and rapid conversion to stationary attachment induced by fMLP, but did not allow slower integrin-mediated stabilization and spreading. Analysis without divalent cations was not possible (as initial attachment was ablated), but we did separately add Ca2+ or Mg2+ to PBS with basal levels of 60 pmol/L and 30 pmol/L, respectively. The basal medium supported rolling attachment, but superfusion of fMLP did not cause stopping. The addition of 1 mmoVL Ca2+ enabled some stopping when fMLP was superfused, but cells gradually detached. On the other hand, the addition of 0.5 mmoVL Mg'+ enabled efficient stopping and stable immobilization. Because basal medium with 5% plasma did allow initial stopping, approximately 50 to 70 p m o a Mg2' is required for this phase of immobilization. It is well known that CD1 1 b bears cation-binding domains and that its adhesive interactions require divalent
In the cases of the related CD11a/CD1827 and of a P,-integrin (VLA-4),28 there is evidence that activation states and adhesive function can be directly affected by binding of divalent cations such as magnesium or manganese. In our system, if 1 mrnol/L MnClz was added to PBS with 1 mmolfL Ca2' and 0.5 mmol/L Mg2+ and perfused over rolling neutrophils, then a proportion became stationary without shape change (10% initially stationary increased to 62% stationary 1 minute after perfusion of Mn2+; mean from 3 experiments).
It is likely that activation-dependent increase in avidity of CD1 1 b/CDl8 is always short-lived (approximately minutes), but that this is only evident functionally if there is failure of activation of newly exposed integrin (eg, in low Mg"). It was also notable that, if fMLP was removed from the perfusate, immobilized neutrophils reversed their spreading and started to detach (albeit less dramatically than when Mg2+ was reduced). The requirement for continuous fMLP delivery in flow may be analogous to the need to repeatedly increase M L P concentration stepwise to maintain adhesion and migration in an assay without continuous flow. 18 In the light of our observations, we hypothesize that (l) avidity of CD1 lb/CD18 is only briefly increased on activation; (2) increased avidity of constitutively expressed CD1 1 b/CD 18 requires only a low concentration of Mg2'; (3) newly expressed integrin requires physiologic Mgz+ to become adhesive; and (4) continual delivery of stimulus and exposure of new integrin is necessary to maintain long-term, integrinmediated adhesion of neutrophils. Such a scenario would explain how cells could continually form attachment via newly exposed CDllb/CD18 at a leading edge, while detaching from previous ligand at the rear of the ce11,I' but be incapable of stable attachment at low Mg2+ or if stimulus was removed.
It remains uncertain why adhesion via constitutive or newly expressed CD1 l b had different dependence on Mg2+. Previously, we found that M L P markedly increased neutrophil expression of CDllb in PBS with 5% plasma. 23 We directly compared here CD 1 1 b expression in the period 1 to 5 minutes after the addition of IO" mom fMLP in the same medium or in physiologic Ca2+ and Mg". Immunofluorescence and flow cytometry showed that expression increased in a similar manner for either medium but was somewhat lower after 5 minutes for the lower concentration of cations (63% increase v 105% increase for physiologic Ca2+ and Mg2+; mean of 3 experiments). Although the reduced rate of de novo expression of CD1 l b might inhibit immobilization, it seems more likely that total failure to remain attached at low Mg2+ arose primarily from failure to upregulate the avidity of newly expressed CD1 lbICD18 for its substrate(s). Different sensitivities could arise because the existing integrin is already linked to the skeletal network, whereas newly expressed integrin from granules must first establish this In fact, the ligand(s) for CD1 lb/CD18 presented by platelets in our model is also uncertain. ICAM-2 is constitutively expressed by platelets and can bind lymphocytes via CD1 la/ CD184 but is not a ligand for CDllb/CD18." A series of antibodies against ICAM-2 (with unknown functionblocking capability) failed to influence neutrophil adhesion in our assay. ICAM-1 binds both CD1 la/CD18 and CDllb/ CD18 but is reported to be absent from the surface of platel e t~.~ Function-blocking antibodies to CD1 ldCD18 and to the CD1 ldCD18-binding epitope of ICAM-1 failed to affect neutrophil binding to platelets. Thus, neither ICAM-1 nor CD1 l a play a role in immobilization here, although they are implicated in neutrophil adhesion and migration on endothelial ~e1ls.l~ Fibrinogen binds to activated platelets via GpIIbIIIa and to neutrophils via CDllb" and plays a supporting role to P-selectin in adhesion between neutrophils and thrombinactivated platelets in suspension." Platelets spread on APEScoated glass are probably also fully activated. They express P-selectin (judging by antibody blockade of adhesion as well as by immunofluorescence microscopy; data not shown). They use GpIIbIIIa to bind to the microslide surface. They bind fibrinogen, as judged by fluorescence microscopy or ELISA based on treatment with antibodies against fibrinogen. Initial rolling adhesion and immobilization induced by fMLP are not altered if the platelet monolayer is first treated with 0.5 U/mL thrombin (2 experiments, data not shown; see also Buttrum et all). We also found that, if washed platelets were spread on glass, they had similar levels of bound fibrinogen compared with platelets from PRP. Investigating the role of fibrinogen in adhesion, we found that neither rolling nor stopping of neutrophils was inhibited by washing of platelets before deposition, by exclusion of fibrinogen from or addition of RGDS to the perfusate, or by treatment of platelets with antibody to GpIIbIIIa. It thus seems that fibrinogen from plasma was not an integrin ligand in our model, but that fibrinogen exteriorized from a-granules on activation could have filled this role. It is also worth noting that, because the platelet monolayer is not always perfectly confluent, some neutrophils may have immobilized via integrin binding to plasma protein(s) adsorbed in small gaps. However, from microscopic observations (eg , Fig l) , it is our experience that most stationary binding is via contact with platelets rather than occasional bare areas.
When neutrophils were activated with fh4LP during rolling or were preactivated and stable immobilization was blocked or reversed (using low levels of cations or antibodies to CD1 1 b/CD18), they detached from the platelets instead of resuming rolling. The observation that the adherent neutrophils tended to move erratically for a short distance before becoming detached suggested that activation would not allow long-term rolling because it distorted cell shape. We have previously implicated L-selectin as a ligand for P-selectin or at least as a mediator of rolling adhesion on platelets.' L-selectin is known to be shed after activation of neutrophils," which might also impair ability to roll. However, when neutrophils were activated with fMLP in physiologic Ca2+ and Mg2+ before perfusion over platelets, they bound efficiently in a stationary and stable manner. Thus, preactivation and shape change did not appear to inhibit the short-term tethering required for integrin-mediated attachment, showing that it was continuous rolling and not capture per se that was inhibited by activation. This supports shape change rather than loss of a critical ligand as the reason for the inability of activated cells to roll continuously. The blocking of shape change is possible with the actin-depolymerizing agent cytochalasin B. Unfortunately, this compound cannot be used to assess the influence of activation-dependent shape change because cytochalasins alone cause rolling neutrophils to become stationary on platelets (see our preliminary reDirect integrin-mediated attachment without tethering is highly inefficient at a wall shear stress of 0.1 Pa in our flow models.21*22 In this study, preactivated neutrophils could become immobilized on platelets at 0.1 Pa, but not on microslides coated with plasma proteins alone. Efficiency of binding of preactivated cells was reduced if platelets had been treated with antibody to P-selectin (70% inhibition of adhesion compared with controls without antibody in 3 experiments; see also Buttrum et all). The above findings are analogous to those of Lawrence and Springer,31 who showed that flowing, activated neutrophils could not use integrins to bind to purified ICA"1 unless it was coimmobilized in an artficial lipid bilayer with purified P-selectin.
Returning to the question of relevance to pathophysiology, adhesion of neutrophils to platelets immobilized in damaged vessels could induce obstruction or increase tissue damage. Biochemical signaling between neutrophils and platelets and mutual activation will be increased by intercellular adhesion,'.* so that a positive feedback loop could accelerate cell accumulation and damage. We have shown here that immobilized platelets are able to support multistep neutrophil adhesion, similar to that described for endothelial cells,lO." although, as yet, we have no evidence that platelets can supply an activating signal under flow (eg, analogous to IL-8 or PAF from endothelial cells"). In our hands, neutrophils continue to roll indefinitely on platelets if no external signal is added, although others have found spontaneous immobilization over long periods3 Differences in behavior may arise from variations in the cellular preparative procedures and substrates. For example, we have observed that, if collagen is first bound to APES-treated microslides and then platelets are spread on this more physiologic surface, perfused neutrophils show continuous rolling behavior. However, if platelets are spread on totally untreated microslides, many neutrophils do spontaneously become stationary and change shape (unpublished observations). In any case, our results raise the interesting possibility of blocking either the first or second phase of activation-dependent adhesion. If the second phase of stable adhesion was inhibited, initially immobilized neutrophils would gradually, spontaneously detach. Blockage of the first phase of adhesion does not inhibit immobilization in the current model, but, with less longlived rolling (eg, as seen on endothelium expressing low levels of P-selectin3'), we predict that the second phase of p0rt3O).
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